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ABSTRACT
Under natural conditions in Las Vegas Valley the shallow aquifer was recharged 
by upward leakage of ground water from the principal aquifer. As a result of ground­
water withdrawals from the principal aquifer, this gradient was reversed in the area of 
the District’s main well field about 30 years ago. Presently recharge to the shallow 
aquifer is infiltration from over-irrigation which poses a potential threat to the quality of 
the principal aquifer. To evaluate this contamination potential, water levels from 
monitoring wells in both aquifers were collected, a three dimensional finite difference 
ground-water flow model (MODFLOW) was developed to estimate volume and velocity 
of potential leakage, and water quality samples were collected.
Water levels collected in the shallow aquifer show a dependency on potentiometric 
head in the principal aquifer. A linear regression analyses showed good correlation of 
water level changes in the shallow aquifer due to injection and pumping operations in the 
principal aquifer with increasing correlation coefficients with shallow aquifer depth. The 
ground-water flow model calculates 3.45 x  103 m3 of shallow ground water leaking into 
the principal aquifer per year, 10 percent of the recharge to the modeled area. The 
vertical ground-water velocity calculated from the model conductivity is 0.6 m/year, 
which results in a calculated depth of about 17 m below land surface as the extent of 
potential downward leakage from the shallow aquifer. Major ions, <5D and 5I80 , from 
three wells (two at 30 m and one at 76 m land surface) match principal aquifer ground­
water quality. Wells completed at 10 and 15 m below land surface show a large increase 
in Cl' concentrations when compared to principal aquifer ground water and the 5D and 
S180  from the shallower wells plot to the right of the meteoric water line, indicating 
fractionation from evapotranspiration.
These analyses indicate that within the District’s main well field, the primary 
source of shallow aquifer ground water is the principal aquifer and that potential 
contamination from the upper poorer quality ground water (due to evapotranspiration) is 
not a present threat due to very slow vertical leakage.
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INTRODUCTION
Purpose
A multi-phase research project to study the Las Vegas Valley shallow aquifer zone 
was undertaken by the Las Vegas Valley Water District (District) Department of 
Research, the Desert Research Institute Water Resources Center (DRIWRC), and the 
Geoscience Department of the University of Nevada, Las Vegas (UNLV). The first 
phase, the physical, hydrogeochemical, and isotopic characterization of the shallow 
aquifer zone has been completed by Wild (1990). The second phase, to quantify the 
secondary recharge to the shallow zone from over irrigation, has been partially compiled 
based upon land use but is not complete at this time. The other phases of the project, 
evaluation of hydraulic properties of the shallow aquifer and the interconnection between 
the shallow and principal aquifer, quantification of the amount of water recharging the 
principal aquifer from the shallow aquifer, and evaluation of the impact of recharge from 
the shallow aquifer on the water quality of the principal aquifer, are addressed in this 
study. Originally the project had been intended to cover the entire Valley, but, due to 
the complexity of the hydrogeology, this study concentrates on the District’s main well 
field (Figure 1) where the gradient reversal between the shallow and principal aquifers 
is most prevalent. This research will aid in evaluation of the amount of water recharging 
the principal aquifer through the shallow aquifer, the potential effect of the shallow 
aquifer upon the principal aquifer’s water quality, and provide an understanding of the
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Figure 1.—Location of study area and features in the Las Vegas Valley.
relationship between the shallow and principal aquifers in the District’s main well field.
Objectives
The specific objectives of this research project were to:
1. Determine whether there is any interaction of the shallow aquifer with the principal 
aquifer in the area of the District’s main well field.
2. Characterize the hydraulic properties of the shallow aquifer in the vicinity of the 
District’s main well field.
3. Quantify the amount of ground-water flow between the shallow and principal aquifer 
within the study area.
4. Evaluate the impact of shallow aquifer water on the water quality of the principal 
aquifer.
Background
The population of the Las Vegas Valley has increased from 30 in 1855 (Jones and 
Cahlan, 1975) to approximately 835,000 in 1992 (Susan Robinson, District, personal 
communication, 1993). Population increase has had a dramatic effect upon the 
hydrologic conditions that occur in the Valley. The anthropogenic influences of pumping 
ground water, importation of Colorado River water, and over-irrigation of landscapes, 
have further complicated the hydrologic framework in which the natural hydraulic 
gradients between the shallow and principal aquifers have been reversed around the major 
pumping centers (Harrill, 1976).
Starting in the early 1900’s when the first wells were drilled, the Valley began 
to move out of hydrologic equilibrium. As water was removed from the principal aquifer 
the artesian pressure began to drop. By the mid 1940’s ground-water withdrawals were 
exceeding natural recharge amounts of 3.7 x  107 m3 to 4.3 x  107 m3 per year (Maxey 
and Jameson, 1948) and the potentiometric head in the areas of major pumping began to 
decrease. Between 1940 and 1955 the potentiometric head in the areas of major pumping
dropped from approximately 8 m above land surface to 2 m below land surface 
(Malmberg, 1965). In 1963 the potentiometric head of the principal aquifer was 
approximately 24 m below land surface (Harrill, 1976). As a result of heavy ground­
water pumping, which exceeded natural recharge by as much as 250 percent, the 
potentiometric head in the vicinity of the study area had a net decline of about 76 m 
below land surface in 1991 (Figure 2).
In 1971 importation of Colorado River water via the Southern Nevada Water 
System (SNWS) began and the amount of water pumped from the principal aquifer 
decreased (Figure 3), slowing the head loss in the principal aquifer. Since 1988 the 
implementation of artificial recharge of the principal aquifer, which injects treated 
Colorado River Water through production wells, has also helped offset declining water 
levels. Presently the Las Vegas area uses 85 percent Colorado River water and 15 
percent ground water to meet water demands.
The shallow aquifer prior to development in the Las Vegas Valley was limited to 
an area created by spring discharge and upward leakage from the artesian aquifers and 
delineated by phreatophytes covering an area of about 32 km2 in the central part of the 
valley (Malmberg, 1965). With continued growth and over-irrigation, the shallow 
aquifer has increased in size and continues to expand. While the principal aquifer has 
undergone a decrease in potentiometric head, the shallow aquifer system shows 
increasing water levels. From 1970 to 1990 the shallow aquifer has risen between 2 to 
5 m in various parts of the valley (Wild, 1990). The water level rise in the shallow 
aquifer, in conjunction with the decrease in potentiometric head of the principal aquifer,
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Figure 2.— Decrease in the potentiometric head in the principal aquifer from pre­
development to 1991.
has led to a reversal of the natural hydraulic gradient in areas of heavy ground-water 
withdrawal (Brothers and Katzer, 1988). This reversal of gradients leads to the potential 
for secondary recharge of the principal aquifer from the shallow aquifer and the possible 
degradation of water quality due to the poor water quality of the shallow aquifer.
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since 1956.
Previous Investigations
Investigations into the geology and hydrology of the Las Vegas Valley began in 
1875 with work done by Gilbert and have continued to present. The first hydrologic 
studies in the Valley were concerned with water quality for domestic and irrigation uses 
and were performed by Mendenhall (1909), Carpenter (1915), Hardman and Miller 
(1934), and Miller and others (1953). Maxey and Jameson (1948) performed the first 
in depth hydrologic study of the area, estimating the amount of natural recharge to the 
Valley and defining the hydrologic units and overall water quality of the Valley. In 1965 
Malmberg, using historical data, further defined the hydrology of the Valley originally 
stated by Maxey and Jameson and noted declines in the principal aquifer for the period 
between 1940 and 1955. Dinger (1977), in a detailed investigation, presented a 
relationship between the water quality of the shallow ground water and the surficial 
geology. This study pointed out the natural degradation of water quality with respect to
the secondary deposits of gypsum in the southeast part of the valley. A more qualitative 
report on the shallow aquifer was presented by Kauffman (1978) which concentrated on 
the relationship between ground-water quality, land use, water use, and wastewater 
disposal in the Las Vegas Valley. Patt (1978) also examined the relationship between 
recharge to the shallow ground-water system and water distribution and uses. The 
geologic hazard of a rising water table in the shallow aquifer and its potential for 
economic ramifications were investigated by Woessner (1980). Harrill (1976) presented 
an investigation which was a follow up of the study done by Malmberg (1965). The 
study investigated storage depletion since 1955, the impacts of importation of Colorado 
River water into the* Valley, secondary recharge to the principal aquifer from over 
irrigation, and the estimates of specific yield and storage for alluvial deposits in the 
valley. Westphal (1977) subdivided the valley into quadrants and attempted to model the 
shallow aquifer. The overall results of the model were poor due to the large area to be 
covered, sparsity of data, and variability in geology.
Mineralogic variations in basin fill, and different sources of recharge were defined 
by Weaver (1982) as a result of interpretation of water chemistry data from 32 wells 
tapping the principal aquifer. The study also evaluated the possibility of recharging 
Colorado River water into the principal aquifer. Several other studies by Brothers and 
Katzer (1987,1989, and 1990) and by Bernholtz et al (1991) discuss the geochemical and 
hydraulic impacts of artificial recharge of Colorado River water on the principal aquifer. 
The feasabilty of injecting wastewater was evaluated by a computer model of the 
principal aquifer developed by Orcutt and Cochran (1967).
8A water-quality monitoring program was designed for the valley by Van 
Denburgh et al. (1982) which was later implemented by Dettinger (1987). The 
monitoring network established by Dettinger was resampled by Katzer and Brothers 
(1988) who described the changes to the water chemistry due to stressed aquifer 
conditions. The sources of water recharging the principal aquifer zone were investigated 
by Noack (1988) utilizing gross chemistry and stable isotopes. The study by Noack 
(1988) that concentrated on the central portion of the valley was preceded by studies done 
by Mifflin (1968), Naff et al (1974), and Hess and Mifflin (1978). These studies 
investigated the relationship between the regional carbonate aquifer system and the local 
ground-water system in the Las Vegas Valley.
The geology of the area and land subsidence has been investigated by numerous 
individuals. The following is a list that comprises studies conducted on the geology of 
the area: Longwell et al. (1965), Price (1966), Haynes (1967), Tabor (1970), Dinger 
(1977), Bingler (1977), Bell and Smith (1980), Bell (1981), Bohannon (1984), Quade 
(1986), and Plume (1989). Investigations on land subsidence in the Las Vegas Valley 
have been presented by Maxey and Jameson (1948), Malmberg (1964, 1965), Domenico 
et al. (1964), Mindling (1965, 1971), Harrill (1976), Bell (1981) and Bell and Price 
(1991).
ENVIRONMENTAL SETTING 
Location and Physiography
Las Vegas Valley is a structural basin and part of the Basin and Range province 
of the western United States. The alluvium filled basin is approximately 1.27 x 104 km2 
and lies within Clark County in the southeastern portion of Nevada (Figure 1). The 
center portion of the Valley is heavily populated and includes the metropolitan areas of 
Las Vegas, North Las Vegas, and Henderson. The basin is enclosed by the Spring 
Mountains (3,657 m) to the west, the Sheep and Las Vegas Ranges (2,438 m) to the 
north, Frenchman and Sunrise Mountains (1,220 m) to the east, and the McCullough 
Range and River Mountains (1,220 m) to the south. The basin floor ranges from 730 
m in the west to 487 m in the southeast where Las Vegas Wash flows toward Lake 
Mead. The Las Vegas Wash is the only outflow from the basin and carries surface 
runoff, nuisance water, treatment plant sewage effluent, and ground-water underflow to 
Lake Mead.
The study area is located within the central part of the valley in the city of Las 
Vegas (Figure 1). The area comprises the District’s main well field and is bounded by 
U.S. 95 to the north, Campbell Street to the east, Charleston Boulevard to the south, and 
Decatur Boulevard to the west.
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Climate
Arid basin lowlands, semi-arid alluvial aprons, and sub-humid mountains are the 
typical climatic regime of the Basin and Range province (Maxey and Jameson, 1948; 
Domenico and others, 1964). The Las Vegas Valley, an arid basin lowland, is no 
exception to this climatic regimen being characterized by low humidity, low precipitation, 
and wide diurnal temperature ranges. Below an elevation of about 920 m the average 
precipitation is 10.6 cm per year (Winograd and Thordarson,1975). Precipitation occurs 
mainly in the winter months from regional storms which are of low intensity. In the 
higher elevations most of the precipitation is in the form of snowfall, with rainfall 
occurring during the warmer summer months. Occasionally precipitation occurs as 
snowfall in the valley lowlands but rain is the norm. Occasional localized thunderstorms 
occur in July and August and can be of high intensity causing localized flooding.
Due to orographic effects the higher elevations receive more precipitation with 
the Spring Mountains receiving up to 70 cm per year (Malmberg, 1961). The snowfall 
in this area represents the bulk of water available for ground-water recharge in the 
valley.
The Las Vegas Valley has a mean annual temperature of 18.3°C. Summers 
average 30°C (Passmore, 1975) with temperatures often exceeding 46°C. Due to the 
high temperatures the pan evaporation rate in the lower elevations is extremely high and 
exceeds 200 cm per year (Malmberg, 1965).
GEOLOGY
General
Las Vegas Valley is an alluvium filled, intermontain, topographic, and structural 
basin, typical of the Basin and Range physiographic province of the western United 
States. Bedrock comprises the mountainous areas adjacent to Las Vegas Valley and 
underlies the valley fill of the basin. The bedrock ranges in age from Precambrian 
through Miocene and consists of metamorphic rocks, carbonate and clastic sedimentary 
rocks, and volcanic and intrusive rocks (Plume, 1984). Paleozoic carbonate and Tertiary 
volcanics rocks are the dominate bedrock units with valley fill consisting of fine to course 
clastic sedimentary deposits that range from what is believed to be Miocene to Holocene 
in age. Quaternary and Tertiary alluvial deposits unconformably overlie the Pliocene 
Muddy Creek Formation (Plume, 1989). The thickness of the alluvium, from oil and gas 
well logs, is over 1,220 m throughout much of the Valley (Plume, 1984). Figure 4, 
modified from Plume, (1984), shows the generalized geology and structure in Las Vegas 
Valley.
Bedrock
Precambrian crystalline rocks that consist of metamorphic rocks and granite are 
found in the south and eastern portions of Clark County and certainly somewhere 
underlie the entire valley at depth (Plume, 1984). The Spring mountains to the west, the
11
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Figure 4.— Generalized geology and major structures in the Las Vegas Valley.
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Las Vegas and Sheep ranges to the north, and Frenchman Mountain to the east, are 
dominated by Paleozoic carbonate rocks. The McCullough Range and River Mountains 
to the south-east are composed primarily of Tertiary volcanics with the volcanic flows 
intruded by dikes (Bell and Smith, 1980). Clastic deposits of sandstone, conglomerate, 
shale and limestone, are found in the southwest portion of the valley, and range in age 
from Permian through Jurassic.
Valley Fill
The structural basin of the Las Vegas Valley has been filled with Miocene clastic 
and lacustrine sediments and Tertiary through Quaternary alluvial deposits derived from 
the mountain blocks surrounding the valley (Plume, 1989). Miocene clastic deposits, 
ranging in thickness from 1,460 m to 2,040 m, include the Thumb Formation and other 
unnamed clastic rocks found in the Las Vegas Range (Longwell et a/,1965)
The Muddy Creek Formation, which outcrops in the southeastern part of the 
basin, ranges in age from Miocene to Pliocene (Bingler, 1977). The formation is made 
up of clay and silt, interbedded gravel, fine sandstone, siltstone,and fanglomerate. Due 
to the heterogeneous make-up of the Muddy Creek Formation, it is difficult to distinguish 
it from other valley fill deposits. Thickness estimates range from 90 m to 80 m. In the 
study area, in wells drilled to over 390 m, the Muddy Creek Formation has not been 
either identified or penetrated under the alluvium.
Analysis of drilling logs from production wells in the western half of the Valley 
shows two general types of alluvial deposits: poorly sorted heterogeneous mixtures of
14
boulders, gravel, sand, silt and clay; and stringers of sorted gravel deposits aligned along 
drainage areas. Due to the complexity of the depositional environment the alluvial 
deposits are laterally and vertically discontinuous. The percentage for course material 
decreases down fan as shown in Figure 5. The alluvial deposits in the western portion 
of the Las Vegas Valley are dominated by limestone clasts which is attributed to the 
proximity of the carbonates of the Spring Mountains, which are primarily carbonate. 
The high carbonate content of the alluvium in conjunction with historical climate and 
hydrologic trends has led to the formation of extensive caliche lenses and horizons that 
interfinger the alluvium and are vertically and laterally discontinuous.
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Structure
Prior to the Cordilleran orogeny the Paleozoic carbonate and clastic rocks of the 
Permian, Triassic, and Jurassic periods were relatively undisturbed. The Nevadan phase 
of the Cordilleran orogeny emplaced plutons, now the Sierra Nevada Range, and 
deformed rock on the western Nevada border. The Sevier phase of the Cordilleran 
orogeny, which began in the Jurassic and continued into the Cretaceous, was 
characterized by thrust faulting that folded and offset the deposits (Plume, 1989). The 
Sevier phase directly modified the morphology of the study area creating eastward 
directed folds and overthrust faults (Fleck, 1970). Characteristic land forms of the Basin 
and Range, north-northeast trending ranges and broad elongated alluvium filled valleys, 
were formed during the Pliocene by crustal extension. It was during this time period 
when the general topography, which comprises Las Vegas Valley, was formed. The 
structural basin beneath the valley fill is composed of two parts; a deep depression (580 
m to 1,460 m) under most of the valley, and gently eastward slopping bedrock on the 
west side of the valley (Plume, 1989).
Perhaps the most significant structural feature in the valley is the right lateral 
strike slip fault known as the Las Vegas Shear Zone. As much as 72 km of movement 
is believed to have occurred along this Tertiary fault (Fleck, 1970). The shear zone is 
located in the northern part of the structural basin and may facilitate the movement of 
water into the valley through the regional carbonate aquifer system (Mifflin, 1968; Naff 
and others, 1974; Hess and Mifflin, 1978; Noack, 1988).
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Quaternary faults, which are linear to curvilinear north to northeast trending, 
are prevalent in the valley with the scarps reaching 50 m high (Bell and Price, 1992). 
The origin of these faults is not clear but many believe they are due to differential 
climatically induced compaction of valley fill deposits (Maxey and Jameson, 1948; 
Domenico and others 1964). More recent work by Bell (1981), and Plume (1989) 
suggest that these faults are related to late Quaternary tectonic activity. The location of 
these faults in the valley, particularly the west central portion, is coincidental with the 
springs that were found in the valley during its early settlement. The springs coincide 
with the major well field of the District (Figure 4).
Site Geology
The study site is Quaternary alluvium containing elastics ranging from fine­
grained silt and clay to course-grained sands, gravels, pebbles, and cobbles. It is 
presumed that at depth the alluvium is underlain by Muddy Creek Formation but analyses 
of driller’s logs from seven wells drilled since 1989 in the study area show no indications 
of Muddy Creek at depths of up to 430 m. Drillers logs and geophysical data collected 
from the wells give good control over the subsurface geology of the area and show fine­
grained sediments with silt and clay size material dominating the first 165 m to 183 m 
of sediments with a prominent gravel zone between about 95 m and 130 m below land 
surface. Sands and gravel dominate from 183 m to about 305 m with variable grain size 
and degree of cementation. Well logs show an increase in the amount of fine-grained 
deposits to the east as shown in Figure 5.
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A cavern which was discovered in the north well field in March, 1991 under a 
spring mound also gives some insight into the upper 20 m of the alluvium. Here the 
alluvium is composed of fine-grained deposits with a caliche bed forming the cap of the 
cavern and several other caliche lenses dispersed throughout. The spring mound is 
located along a fault trace and next to an old wash where springs'flowed prior to 
development in the valley. Because the deposits seen are in the area of a spring mound, 
they are interpreted to be site specific and not indicative of the alluvial deposits of 
shallow alluvium throughout the study area. The cavern, however, does show the 
formation of caliche layers in the upper 20 m of the alluvium.
Well logs from the Meadow Detention Basin (MDB) wells, within the study area, 
show fine-grained sediments dominating the upper 80 m of deposits. Caliche is prevalent 
in the upper most 4 m with clay and sandy clay dominating to approximately 46 m below 
land surface. The log from MDB 1 lists clay as the dominant sediment type from 46 m 
to 80 m and also mentions the presence of streaks of gravel in this interval. The logs 
for the MDB wells are shown in Appendix A.
HYDROGEOLOGY
General
The basic hydrogeology of Las Vegas Valley, prior to ground-water withdrawal, 
was typical of the Basin and Range. Recharge occurs in the surrounding mountains at 
higher elevations as precipitation, generally in the form of snow. Snow melt then 
infiltrates through the regolith into the fractured rock and discharges where structural 
controls and hydrostatic pressure force the water to or near the surface where it is 
consumed by evapotranspiration (Figure 6). This simplification is thought to be 
representative of the valley when it was in a state of equilibrium prior to ground-water
L A S  V E G A S  W A S HL A N D  S U R F A C E
t a W l i . . ,  ; iPT'.
■ P R I N C I P A L  A O L f F E R S  .
*  -  -  .  • .  •  '
Figure 6.— Conceptual diagram of Las Vegas Valley prior to development (after 
Brothers and Katzer, 1988).
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withdrawal starting in the early 1900’s. Annual recharge to the valley was estimated to 
be between 3.7 x  107 m3 and 4.3 x  107 m3 (Maxey and Jameson, 1948) based upon 
phreatophyte evapotranspiration rates. The State Engineer has assigned an average 
annual recharge rate to the alluvial aquifers of the valley at 3.9 x  107 m3 based upon the 
Eakin (1951) method.
Perhaps the most difficult part of characterizing the hydrogeology of the Valley 
is defining individual hydrostratigraphic units within the alluvial reservoir which is up 
to 1,525 m thick (Plume, 1989). Individual hydrologic units cover limited areas and no 
sharp delineations are found between these hydrologic units in the alluvial reservoir; 
rather, subtle changes in water chemistry and hydraulic parameters indicate changes in 
lithologic and ground-water conditions within the reservoir and generalizations have been 
made with regard to defining individual hydrologic units.
In their assessment of the hydrology of the valley Maxey and Jameson (1948) 
defined three principal hydrologic units, all artesian, and separated by confining beds. 
They classified the shallow, middle and deep artesian hydrologic units, and proposed that 
these units were the conduit through which recharge travelled. In the area which is now 
the District’s main well field, faults truncate the units and serve as a conduit for upward 
migration of the ground-water from the artesian aquifers (Malmberg, 1965). These three 
hydrologic units defined by Maxey and Jameson (1948) have been combined and termed 
the principal aquifer in more recent literature, because this interval is the primary source 
for high production wells (Harrill, 1977). A shallow zone which contained water derived 
from the three deeper artesian aquifers was also described by Maxey and Jameson (1948)
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and named the near-surface reservoir by Malmberg (1965). This unit ranges in 
conditions from unconfined water table to slightly artesian depending upon the lithology 
of the particular area.
Alluvial deposits are laterally and vertically discontinuous resulting in the 
differences in permeability and poor hydraulic continuity. Although the alluvial reservoir 
exhibits artesian characteristics it is not a totally confined system due to past depositional 
processes in the valley. In the generalized cross section from west to east, presented in 
Figure 5, the alluvium grades from course to fine-grained deposits coinciding with the 
transport and depositional scheme of the alluvial fan. In the western part of the valley, 
water table conditions exist, as fine-grained materials are not present to serve as a 
confining layer. Further east into the valley fine-grained materials become prevalent and 
cap saturated medium- to coarse-grained materials inducing confined conditions. East 
of the Quaternary faults, present in the center portion of the valley, the alluvium is 
predominately fine-grained and hydrologic units defined in the western part of the valley 
become indistinguishable and results in a nearly continuous hydrologic system.
Increased demand upon the principal aquifer since the first well was drilled in the 
valley in 1907, has dropped the artesian head in the area of the District’s well field by 
up to 76 m (Brothers and Katzer, 1988) (Figure 2). This drop in pressure has stopped 
the major spring flow and reversed the natural hydraulic gradient between the principal 
aquifer and the near surface reservoir in the central part of the valley (Harrill, 1976), as 
shown in Figure 7. The hydraulic gradient is still upward in the eastern parts of the 
valley and Figure 8 outlines the area where hydraulic gradients have been reversed
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Figure 7.-Conceptual diagram of Las Vegas Valley after development (after 
Brothers and Katzer, 1988).
between the near surface reservoir and the principal aquifer. The near surface reservoir 
under natural conditions was fed by the principal aquifer is also recharged by over 
irrigation and this has created a zone of saturation designated as the shallow alluvial 
aquifer zone.
As with other aquifers in the valley the shallow aquifer is not contained in a 
distinct lithologic unit but is separated from other water bearing units based upon its own 
unique characteristics. Because it is impacted by over irrigation and evapotranspiration 
the water quality is generally poor with total dissolved solids (TDS) ranging from 1000 
mg/1 in the northwest extent of the system to 4000 mg/1 in the southeast. Higher TDS 
values in the southeast part of the valley are most likely attributed to lithologic controls 
on the water chemistry. Surficial geologic maps show pedogenic gypsum in this area 
(Bingler, 1977), which coincides with high amounts of S04 and high TDS readings in the
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Figure 8.— Potentiometric surface of the principal aquifer and areal extent of potential 
downward migration from the shallow aquifer.
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shallow ground-water chemistry. Nitrate concentrations in the shallow aquifer, on 
average, are notably higher than ground water in the principal aquifer.
For the purposes of this study the shallow aquifer shall refer to the upper 80 m 
of fine-grained sediments as this represents the confining layer through which any 
secondary recharge water must pass in order to reach the principal aquifer. This 
definition of the shallow aquifer is extracted from well logs in the vicinity of the 
District’s main well field and is limited to the study area.
METHODS
Water Level Net
Water-level data were collected from the shallow aquifer at five wells located in 
the District’s main well field, as shown in Figure 9. The total depth of the wells range 
from 10 m to 80 m below land surface; completion intervals are shown in Figure 10. 
Water levels were taken an average of three times a week for the period from February 
1990 to February 1991, and about once every two weeks from March, 1991 to October 
1992. Water levels were taken using an electric sounding tape and measured to the
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Figure 9.—Location of shallow aquifer monitoring wells.
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nearest one tenth of a cm from the top of the casing. Water levels for Wells 6 and 8, 
completed in the principal aquifer, were taken from the District’s records.
Chemistry Sampling
The MDB wells were sampled for major ions and for the stable isotopes 180  and 
deuterium. In order to obtain ground water that had not been subjected to evaporation 
inside the well casing the well was pumped for at least two well volumes. The pumped 
water was measured for electrical conductivity, pH, and temperature. The samples were 
not taken until those parameters had stabilized indicating formation ground water inside 
the well. Major ion samples were filtered through 0.45 micron paper and then packed 
in ice and sent to the lab for analyses within 24 hours. Isotope samples were not filtered.
-  - 1 I  B
B  CA SIN G
......................
- p B S C R E E N E D  INTERVAL
-
-
-
MDB-l MDB-2 MDB-3 MDB-4 MDB-5 WELL 6 WELL 8
W e ll
10.-- Completion diagrams for monitoring wells.
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Slug Tests
Slug tests were performed to determine the hydraulic conductivity of the alluvium 
in which the MDB wells are completed. The tests involved injection of a 20 liter slug 
of water into the well and monitoring water level decline to static conditions. Water 
levels changes were recorded with a data logger and pressure transducer. Water levels 
were also checked with an electrical sounding tape to ensure the reliability of pressure 
transducer readings. The slug tests were repeated after water levels in the well had fully 
recovered.
Analyses of the tests were done using the methodology developed by Bouwer and 
Rice (1976), because of its simplicity and applicability to unconfined and confined 
aquifers (Bouwer, 1989). The rate of flow of ground water in the well is calculated with 
the Thiem equation as:
Q=2nKLe I n  ( R j r w) 
where
Q =  volume rate of flow into the well;
K =  hydraulic conductivity of aquifer around well;
Le =  length of screened interval of well;
y =  vertical difference between water inside well and static water level outside well;
Re =  effective radial distance over which y is dissipated;
rw =  radial distance of undisturbed portion of aquifer from center line
The rate of change (dy/dt) of the water level in the well after the water level has
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been quickly lowered or raised is
d y =.
d t  n r l ( 2 )
where rc is the radius of the casing of the well where the water level is measured. 
Solving equation (2) for Q, equating the resulting expression to equation (1), integrating, 
and solving for K yields:
r  I In  (Re/ r w) i  l n y 0 (3)
2 Le t  y t
A computer software package, AQTESOLV (Geraghty and Miller, Inc.), was used to 
perform the analysis.
Modeling
Estimation of the quantity of ground water leaking from the shallow aquifer 
downward to the principal aquifer was done with a modular three-dimensional finite 
difference ground-water flow model MODFLOW (McDonald and Harbaugh, 1988). A 
five (5) layer model was developed; the upper four (4) layers represent the shallow 
aquifer, with water levels and hydraulic properties taken from MDB-3, MDB-5, MDB-4 
and MDB-1, respectively; the lower layer represents the principal aquifer with hydraulic 
properties taken from District data of the study area and water levels from Well 6. Four 
layers are were used to represent the shallow aquifer in an attempt to reproduce observed
water levels in the MDB wells, however it is not intended to suggest that there are four 
distinct lithologic units within the shallow aquifer. Figure 11 conceptually shows the 
flow model.
RAIN AND IRRIGATION
u  u  i r  if
GENERAL HEAD BOUNDARY 
CONDITIONS
VERTICAL CONDUCTANCE 
BETWEEN LAYERS
NO FLOW BOUNDARY 
CONDITIONS
GENERAL HEAD BOUNDARY 
CONDITIONS
i t  i t  i t  i t
ET
MOO-J UOB-B UQQ-4 ID S - t  HCU. <
FLOWI I GWLAYERS.1
LAYER 2 ;
AYER 3
YER 4
ARTIFICIAL
r e c h a r g e
FLOW
LAYER 5
PUMPING
Figure 11.-- Conceptual diagram of ground-water flow model.
Assumptions
Model assumptions, most of which will be further explained, are summarized as 
follows:
1. The model contains 5 layers with the upper layer (1) representing the top of the 
shallow aquifer, water table conditions, the bottom layer (5) representing the principal 
aquifer, confined conditions. Layers 2, 3, and 4 represent the lower portion of the
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shallow system in the study area and are modeled as confined.
2. Secondary recharge to the shallow system was determined by assuming an application 
rate of 3.6 m per year (Patt, 1978) for turf and prorating the amount applied per month 
based upon temperatures.
3. Recharge to the shallow system, layers 1, 2, 3 and 4, occurs strictly from secondary 
recharge and flux across the boundaries of layer 1. No flow boundaries in layers 2, 3 
and 4 force the water down into the principal aquifer.
4. Evaporation rates for the study area based upon 2 m per year (Malmberg, 1965). 
Evapotranspiration decreases linearly with depth and becomes negligible at 6 m.
5. Recharge to and discharge from the principal aquifer takes place from flux across the 
horizontal boundaries, artificial recharge, leakage to and from layer 4, and from pumping 
wells. Flux across the boundaries is head dependent based upon water levels from wells 
completed outside of the study area.
6. Vertical hydraulic conductivity is about one quarter the horizontal hydraulic 
conductivity within the aquifers.
Approach
The approach taken in this model was to produce a transient model with twelve 
stress periods representing October, 1991 through September, 1992, which replicated the 
well field operations effecting the principal aquifer and surface events effecting the upper 
portion of the shallow aquifer while attempting to match the observed water levels in the 
principal and shallow aquifer monitoring wells.
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A 3.2 km x  2.8 km grid, 16 rows by 14 columns, as shown in Figure 12, 
consisting of five layers was constructed to simulate ground-water flow in the vicinity 
of the Districts main well field. The shallow aquifer is represented by four layers with 
only the upper layer modeled as unconfined. The utilization of four layers is not 
intended to suggest that there are four distinct hydrologic zones in the study area, but 
rather was an attempt to replicate the heterogeneity of the system observed in the water 
levels of the monitoring wells. The layers one through four are represented by MDB-3, 
MDB-5, MDB-4, and MDB-1, respectively. The bottom layer, layer five, represents the 
principal aquifer and the heads in this layer are matched against Well 6.
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Figure 12.-- Flow model grid location with node identification.
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Recharge
Recharge to the principal aquifer within the model occurs as: well injection from 
artificial recharge; flow across the grid boundaries from head differences within the 
aquifer; and vertical leakage from the overlying layer. Well injection volumes from the 
District’s records were utilized to determine artificial recharge volumes, while recharge 
across grid boundaries and vertical leakage were calculated by the model based upon 
estimated hydraulic parameters discussed later. The MODFLOW well package was used 
to inject the volumes of water for artificial recharge.
Recharge to the shallow system is from two sources, rain and over irrigation. 
Over irrigation of landscapes is the primary source of recharge to the shallow aquifer. 
For this study an application rate of 3.6 m per year (Patt, 1978) for turf areas was used. 
Recharge from irrigation was estimated from overlaying the grid of the modeled area on 
a LANDSAT THEMATIC MAPPER (TM) image using a color band combination of 
7,4,2 to enhance vegetation. A percentage was assigned to each grid cell based upon 
visual estimation of the amount of vegetation in each cell. For example a cell that 
completely overlaid a heavily vegetated area, such as found in a golf course or park, was 
assigned a value of 1. A cell completely covering an impervious zone such as a parking 
lot was assigned a value of 0. Assigned cell values are shown in Figure 13. Each stress 
period (month) was then assigned a value based upon a formula used to prorate the 
amount of irrigation based upon monthly average temperature. Rain amounts were then 
added to the prorated values to account for recharge from rain events. Data for rain 
events is based upon the local climatological data monthly summary published by the
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Figure 13.— Percentage of monthly maximum recharge applied per grid node.
National Oceanic and Atmospheric Administration. The rates for recharge from 
irrigation and rain are listed in Table 1.
Discharge
Discharge from the model can occur as flow across the boundaries of layers one 
and five, pumping from layer five, and evapotranspiration (ET) from layer 1. Discharge 
across layer boundaries, calculated by the MODFLOW general head boundary package, 
is discussed below. Discharge from pumping was handled by the MODFLOW well 
package. The amount of water removed from each cell was determined by well location 
and pumping records of the District for the period of interest.
Evapotranspiration amounts were calculated using the MODFLOW ET function.
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Table 1 .-  Recharge and evapotranspiration (ET) rates for layer one and 
pumping and artificial recharge amounts for layer five.
Month Recharge
cm/month
ET
cm/month
Pumping
m3x l0 4
Artificial
Recharge m3x  104
Oct 30.2 17.4 0 180.3
Nov 20.4 6.1 0 214.2
Dec 15.8 0.9 0 217.5
Jan 15.2 0.0 0 184.9
Feb 19.8 5.5 0 217.9
Mar 21.3 7.3 0 223.4
Apr 29.3 16.5 0 168.1
May 33.2 21.0 90.7 0
Jun 36.3 24.7 240.2 0
Jul 39.3 28.3 281.6 0
Aug 40.5 29.3 289.4 0
Sep 36.6 25.0 242.6 0
Input for the function requires surface elevation of the modeled area, extinction depth 
(the depth below land surface at which ET ceases), and the specified maximum ET rate 
for each period. Surface elevation data were taken from overlaying the model grid on 
a 7.5 minute topographic map of the area and digitally entering the average elevation data 
for the corresponding cell.
A maximum potential ET rate of 1.8 m per year with an extinction depth of 6 m 
was used. The maximum rate per month was estimated by percentage according to 
average monthly temperature by the equation
8 . 3  + ( (ave monthly  temp - ave y e a r l y  temp) x . 3 6 )
Where 8.3 is the monthly average percentage of evapotranspiration (100/12), and 0.36
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is a multiplier used to bring the evapotranspiration percentage to 0 during the coolest 
month of January. Table 1 shows the evapotranspiration rates used for the period 
modeled.
Hydraulic Characteristics
The effects of water recharge and discharge on water levels are governed by the 
hydraulic characteristics of the modeled area. For a transient state simulation the 
important hydraulic characteristics are transmissivity, boundary conditions 
(conductances), storativity, and vertical leakage. These parameters are discussed below.
Boundary Conditions
Boundary conditions for this model are based on the available data for the upper 
portion of the shallow aquifer, layer 1, and the principal aquifer, layer 5. Due to the 
heterogeneity of the shallow aquifer and lack of data, no-flow boundary conditions are 
assigned to lower portions of the shallow aquifer represented by layers 2, 3, and 4. The 
head boundary conditions result in a model in which the heads in the upper four layers 
are driven by recharge to and flow across the boundaries of layer 1. Water entering 
layer 2 from layer 1 (the surface layer of the shallow aquifer) can only exit the modeled 
area through layer 5 (the principal aquifer). These boundary conditions are used to 
maximize the amount of ground-water flow between the shallow aquifer and the principal 
aquifer. Figure 11 conceptually shows the boundary conditions of the model.
General head boundaries are utilized for layer one, but due to the low
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conductance of the layer coupled with the relatively minor fluctuations seen in water 
levels surrounding the modeled area, no changes in head occurred between the twelve 
stress periods (months) modeled. Water levels from wells completed in the shallow 
aquifer around the study area show a difference between highs and lows of less than .6 
m (Wild, 1991) for the period from 1988 through 1990.
General head boundary conditions for layer 5 changed for each of the twelve 
periods modeled. The conductance across layer boundaries remained the same but the 
heads used for each period changed based upon observed changes in water levels in the 
principal aquifer outside of the study area. The locations of the two wells used for 
general head boundary calculations are shown in Figure 14.
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for layer five.
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Transmissivity
Initial hydraulic conductivity and transmissivity values for layers one through four 
were assigned based upon analyses of slug tests done on the MDB monitoring wells. 
Transmissivity values were calculated by multiplying the hydraulic conductivity from slug 
test analyses discussed earlier by an estimated thickness for layers two through four of 
10 m, 27 m , and 30 m, respectively. The initial transmissivity value for layer 5 was 
taken from aquifer tests performed by the District. The initial values used are shown in 
Table 2.
Table 2.— Initial hydraulic parameters prior to model calibration.
(* indicates water table conditions)
Layer Transmissivity
m3/day
Storativity Vertical Conductance 
m/day
1 .13 ' .1 * .0016
2 2.3 .0005 .0037
3 18.6 .0005 .0012
4 9.3 .001 .0014
5 1737 .0045 NA
Storativity
Modeling transient simulations of ground-water flow requires the specification of 
the capacity of an aquifer to transfer water to and from storage, generally referred to as 
storativity. For confined systems storage coefficient (S) is used, for unconfined aquifers 
specific yield (Sy) is implemented. Both values are dimensionless.
In general, specific yields of unconfined aquifers are much higher than the storage
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coefficients of confined aquifers with usual values ranging from 0.1 to 0.4 versus 0.005 
to 0.00005, respectively . Storativity values whether for confined or unconfined aquifers 
are very difficult to estimate from aquifer tests and even less reliable from slug test 
analyses. The general approach taken in this transient model was to pick a value within 
the generally accepted range and then to adjust during the calibration process to simulate 
the observed changes in head. The initial storage coefficients used in the model are 
shown in Table 2.
Vertical Conductance
The vertical conductivity establishes a connection between the upper and lower 
model layers and the starting values used in the model were estimated to be one quarter 
that of the horizontal conductivity values and calculated as listed in McDonald and 
Harbaugh (1988). The initial values used for the vertical conductance between layers one 
and two, two and three, three and four, and four and five are listed in Table 2.
RESULTS AND DISCUSSION
Water Levels
Well field operations have a significant impact upon water levels in both the 
principal and shallow aquifers. In order to better understand the changes in water levels 
and the driving forces behind these changes it is necessary to understand well field 
operations. Well field operations can be broken down into two major seasons, 
production and artificial recharge.
As stated previously ground water supplies about 15 percent of the water used in 
the Valley, with the remaining 85 percent coming from Lake Mead via the SNWS. 
Ground-water production occurs primarily during the summer months from May through 
August to help meet peak summer demands. During the cooler months, October through 
April, most of the wells are used for artificial recharge of excess Colorado River Water. 
The artificial recharge program, which began in 1987, utilizes extra system capacity by 
injecting potable Colorado River water through the existing production wells and into the 
principal aquifer. The program is designed to help maximize use of Nevada’s Colorado 
River allotment and to stabilize water levels to help minimize subsidence. Between 1988 
and 1992 the number of wells utilized for artificial recharge has increased from 4 to 25, 
and the amount injected from 4.6 x  106 m3 to 19.3 x  106 m3. Figure 15 shows the 
location of wells used for artificial recharge and the MDB monitoring wells.
Water levels in the shallow aquifer display a periodicity that coincides with well
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Figure 15.—Location of wells used for artificial recharge of the principal aquifer.
field operations with increasing water levels during artificial recharge and decreasing 
water levels during production. Water levels in the shallow aquifer also appear to be 
affected by individual storm events and surface flows from facility operations. Varying 
magnitudes of response to well field operations and storm events are observed depending 
upon completion depths of wells in the shallow aquifer, with deeper wells showing more 
response to activities in the principal aquifer and shallower wells showing more influence 
from surface events.
Water level measurements taken in five of the monitoring wells completed in the 
shallow zone and two wells completed in the principal aquifer are shown in the 
hydrographs in Figures 16 and 17, respectively. The water level data is presented in 
Appendix B. (Completion intervals are shown in Figure 10.) Hydrographs for the
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shallow aquifer (Figure 16) point out the variability and confined nature found in the 
shallow aquifer as each well displays different water levels with MDB-2 exhibiting an 
unusually high potentiometric head.
MDB-2 is completed at an interval below MDB-3 and MDB-5 and overlaps part 
of the same interval as MDB-4, yet the potentiometric head at MDB-2 is higher than any 
of the other MDB wells and about 10 m higher than MDB-4. Water levels from the 
other MDB wells plot as expected with the deeper wells displaying the deepest water 
levels.
Comparison of hydrographs from the shallow and principal aquifer, Figures 16 
and 17, intuitively suggest a qualitative relationship with rises in the shallow aquifer 
corresponding to rises in the principal aquifer and from surface events. The following 
paragraphs discuss changes seen in the shallow aquifer hydrographs and reasons for these 
changes.
Water levels for MDB-1, MDB-3, MDB-4 show an increase until May 1, 1990 
when artificial recharge was terminated. From the beginning of May until the end of 
September the production wells in the study area were pumping and all MBD wells in 
the shallow aquifer display a decrease in water levels throughout the period with a few 
minor exceptions. Although the MDB wells exhibit declining water levels during this 
period there are two rain events, June 10, and July 15, when a rise in water levels or 
decrease in the rate of decline is seen in all MDB wells.
Water levels increase in all of the MDB wells the first week of October as a result 
of pumping termination in September and artificial recharge starting. The increase in
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water levels follows a steady slope until November 13, 1990 when the slopes display a 
marked increase. This increase is the result of the drainage of the 113.55 x  103 m3 
reservoir in the North Well Field which was drained from November 13, 1990 through 
November 19, 1990.
The sharp increase in slope is followed by a sharp decline starting on December 
5, 1990 and continuing until December 24, 1990. This decline in water levels in the 
MDB wells corresponds to the shut down of artificial recharge and the start up of several 
production wells as a result of repairs to SNWS. Artificial recharge was resumed 
December 23, 1990 and water levels in MDB-1 and MDB-4 show an increase until 
recharge was terminated in May. Over the remainder of the period of study, the water 
levels in MDB-1 and MDB-4 follow a similar pattern, rising and falling in response to 
operation of wells in the principal aquifer.
The highest recorded water levels in MDB-1 and MDB-4 occurred during April, 
1992. This peak in water levels could have several contributing factors. First, 
approximately 17.3 x  106 m3 of water was injected between October 1991 and May 
1992, a 40 percent increase over injected into the principal aquifer the previous recharge 
season. Increasing potentiometric head from artificial recharge in the principal aquifer 
would have the potential to reduce leakage from the shallow aquifer to the principal 
aquifer as head differences are decreased. Second, it was the wettest spring in history, 
with over 10 cm of rain falling during February and March of 1992. Sparse data from 
shallow aquifer monitoring wells are available for this period but based upon response 
from rain events in 1990 when data are more frequent it could be expected that water
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levels would respond to the increase in precipitation.
Water levels in MDB-5 follow a less definitive cycle with respect to the operation 
of the well field but do show some periodicity with high water levels during winter 
months and lows during the summer corresponding to the production/recharge cycle. 
The hydrograph for MBD-3 is similar to that for MDB-5 but with considerably more 
fluctuation shown between December 1990 and October 1991. The fluctuations are most 
likely attributed to surface events as the first major spike, as discussed earlier, 
corresponds to the drainage of a 11.4 X  104 m3 reservoir.
Statistical Analysis
Scattergrams of water level data from the MDB wells and Well 6, shown in 
Figure 18, were plotted to aid in qualitative evaluation prior to statistical analyses. As 
expected from the hydrograph evaluations the plots show more lineation with increasing 
depth of the MDB wells.
Linear regression was applied in three scenarios, first to identify statistical 
relationships between the MDB wells completed in the shallow aquifer and then to 
identify relationships between the MDB wells and Well 6 and Well 8 which are 
completed in the principal aquifer. Coefficients of determination from linear regression 
analysis are shown in Tables 3 through 5, with a coefficient above 0.8 considered a good 
correlation.
Table 3 shows the coefficients comparing the water levels in MDB-2 through 
MDB-5 with water levels in MDB-1. Comparison on an individual basis yields varying
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Table 3. — Coefficients of determination, R2, from linear regression analysis of 46 
water level data with MDB-1 the dependent variable.
Independent Variables
PERIOD MDB-2 MDB-3 MDB-4 MDB-5
AR 90 .16 .14 .45 .08
PROD 90 .96 .98 .99 .83
AR 90-91 .07 .52 .92 .79
PROD 91 .21 .49 .84 .49
AR 91-92 .89 .77 .89 .72
PROD 92 .99 .57 .99 .91
AR 92 .98 .97 .99 .95
90-92 .27 .39 .83 .49
results. When all data are used, from February 1990 to December 1992, the coefficients 
range from 0.27 to 0.83 with MDB-2 showing the least correlation and MDB-4 the 
highest. However, comparison over individual recharge and production seasons yields 
higher coefficients. From the seven (7) seasons analyzed MDB-2 shows strong 
correlation for four (4), MDB-3 for two (2), MDB-4 for six (6), and MDB-5 for three 
(3). Wells MDB-3 and MDB-5, which are completed at higher elevations,show the least 
correlation to MDB-1. Wells MDB-2 and MDB-4, completed at lower elevations, show 
the most correlation to MDB-1.
Tables 4 and 5 show the coefficients of determination from the linear regression 
analyses comparing water levels in Wells 6 and 8, which are completed in the principal 
aquifer, to water levels in the MDB wells. As seen in the data from the MDB wells 
when the entire data set is used the correlation is poor with a coefficient range from 0.06
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to 0.63 for Well 8, and 0.08 to 0.89 for Well 6. In both comparisons wells MDB-3 and 
MDB-1 had the lowest and highest correlation, respectively. When broken up by 
production and recharge seasons, out of four periods analyzed, Well 8 displays good 
correlation to MDB-1 for four (4), MDB-2 for two (2), MDB-3 for zero (0), MDB-4 for
Table 4. -- Coefficients of determination, R2, from linear regression analysis of 
water level data with Well 8 as the dependent variable.
PERIOD
Independent Variables
MDB1 MDB2 MDB3 MDB4 MDB5
90-91 AR .86 .08 .07 .80 .72
91 PROD .87 .58 .28 .85 .58
91-92 AR .93 .82 .71 .76 .92
92 PROD .92 .92 .50 .89 .81
92 AR * NA NA NA NA NA
90-92 .58 .11 .06 .63 .45
Table 5. — Coefficients of determination, R2, form linear regression analysis of 
water level data with Well 6 as the dependent variable.
PERIOD
Independent variable(s)
MDB1 MDB2 MDB3 MDB4 MDB5
90-91 AR NA NA NA NA NA
91 PROD .93 .59 .28 .88 .57
91-92 AR .97 .87 .79 .85 .93
92 PROD .99 .98 .66 .98 .91
92 AR .99 .96 .99 .98 .95
90-92 .89 .42 .08 .73 .39
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three (3), and MDB-5 for two (2). Well 6 displays good correlation to MDB-1 for all 
four (4) periods, MDB-2 for three (3), MDB-3 for one (1), MDB4 for four (4), and 
MDB5 for three (3). As expected, the lower the completion interval of the MDB wells 
the greater the correlation between water levels with the principal aquifer wells.
Water levels in Wells 6 and 8 display a good correlation to water levels in MDB- 
1, MDB-4, and MDB-5, and a fair correlation to MDB-2. Well 6, which is completed 
at a higher elevation, and is about 300 m closer to the MDB wells, statistically displays 
a higher correlation to water levels of the MDB wells than does Well 8.
Analysis of the hydrographs in conjunction with the operational aspects of the well 
field indicate that the water levels in the shallow system are controlled in part by the 
water levels in the principal aquifer. Statistical correlation between the shallow and 
principal aquifer ground-water levels improves with time in response to increasing 
potentiometric head in the principal aquifer. The increase in potentiometric head, about 
6 m since August, 1990, is the result of artificial recharge.
The statistical correlation between water levels in the MDB wells and the principal 
aquifer wells suggests a hydraulic connection through out the hydrologic section. The 
higher head in the MDB wells indicates a downward gradient toward the principal 
aquifer, and when coupled with the statistical correlation suggests potential for shallow 
aquifer water to move down to the principal aquifer.
Seasonal influences, primarily evapotranspiration, could account for some of the 
fluctuation in the water levels of the MDB wells. High summer temperatures result in 
higher evapotranspiration rates than seen in the winter and the hydrographs for all the
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MDB wells do exhibit high water levels in the winter when evapotranspiration is low and 
low water levels during the summer when rates are high. Although seasonal patterns are 
present and fit the pattern for water level trends in undeveloped areas (Wild, 1990) the 
response of water levels to activities in the principal aquifer are well defined and indicate 
the principal aquifer as being the primary control on the water levels in the shallow 
aquifer.
Hydraulic Conductivity
Hydraulic conductivity values for the shallow aquifer, from analyses of slug tests, 
range from about 1 m/day at MDB-4 to 0.02 m/day at MDB-2 with an overall average 
of about 0.27 m/day. Results of the tests, two at each well, are displayed in Table 6 and
Table 6.— Hydraulic conductivity values from Bouwer-Rice analyses of slug test 
data. Values are in units of m/day.
WELL SLUG TEST 1 SLUG TEST 2 % DIFFERENCE
MDB-1 0.33 0.28 14.40
MDB-2 0.02 0.02 4.40
MDB-3 0.08 0.09 3.63
MDB-4 0.68 0.72 5.13
MDB-5 0.25 0.24 1.76
AVERAGE 0.27 0.27 5.86
STD 0.23 0.24 4.41
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show good repeatability with the largest discrepancy of 14.4 % at well MDB-1. The 
range of values attest to the low permeability and variability within the shallow aquifer 
and fit within the expected range of fine-grained material as described by Heath (1983). 
Curves and statistical results from slug test analyses are listed in Appendix C.
Modeling
Calibration of the transient model was done by adjusting the storage coefficients, 
transmissivity values, and vertical conductivity values in order to arrive at a model that 
best fit the observed heads in the monitoring wells for the respective layers. The final 
values used are discussed below.
The final values used, although higher than the initial estimates from slug tests 
with the exception of layer 4, are still well within the generally accepted range for fine­
grained silt and sand (layers one through four) and sandy gravel (layer five) as described
Table 7.— Hydraulic parameters after final model calibration. (* water table 
conditions)
Layer Transmissivity
m2/day
Storativity Vertical Conductance 
m/day
1 3 .0 ’
(K, m/day)
.14 ’ 
Sp. Yield
.00006
2 12 .015 .00006
3 102 .058 .00006
4 5 .000001 .00001
5 23225 .0001 NA
51
by Heath (1983). Final transmissivity values used for the model are shown in Table 7. 
The difference between initial and final values used is probably due to the heterogeneity 
of the alluvial fill.
The final storage coefficients used in the transient model were 0.14,0.015, 0.058, 
0.000001, and 0.0001 for layers one through five, respectively (Table 7). The specific 
yield of layer 1 (. 14) falls within the usual range for unconfined aquifers. Layers three 
and five also fall within the usual range for confined aquifers. Layers two and four 
however fall outside of the generally accepted range, with layer two exhibiting a higher 
than normal S, and layer four a lower than normal S. The high S for layer two used to 
calibrate the model might be indicative of a semi-confined aquifer rather than a strictly 
confined zone. The low storage coefficient used in layer four is probably due to the 
large amount of clay sized material that is present in the upper 90 m of alluvium. Once 
again it is important to keep in mind that the use of four layers to represent the shallow 
aquifer is not intended to suggest that there are four distinct layers within the shallow 
aquifer but rather to try and simulate the heterogeneity observed within the aquifer.
Changes were made in the vertical conductivity values throughout the calibration 
runs to replicate the observed response in the monitoring wells. Throughout the 
modeling calibration vertical conductivities were kept as high as possible to generate the 
maximum amount of leakage between the shallow and principal aquifers. Final values 
are shown in Table 7. With the exception of the vertical conductivity between layers 4 
and 5 the range of values is fairly uniform , between 5.0 X  10'5 m/day and 6.0 X  10'5 
m/day, and represent a moderately well connected system. The lowest value of 1.0 x
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10'5 m/day, indicating poor connection between layers four and five, was necessary to 
maintain heads in the upper layer given the recharge constraints of the model and would 
be indicative of the fine-grained sediments that are found in the study area from land 
surface to depths of over 90 m below land surface.
The model was calibrated to observed water levels in the monitoring wells, with 
the various completion depths of the wells corresponding to a particular modeled layer. 
The hydrographs for the observed data versus the model results are shown in Figure 19. 
The modeled data shows a fair fit to the observed data, particularly in layer four and 
five. Layer three shows a downward trend in the second stress period (month) which is 
due to the initial start up conditions of the model. Modeled water levels from layers one 
and two are slightly out of phase with the observed water levels. The changes in layer 
two are small and given the complexity of the system the match is considered a 
reasonable fit. Layer one modeled data shows a faster response to water level rise and 
fall than the observed data and this could be due to differences in actual recharge versus 
the assumed recharge, or the inability of the model to properly account for time lag with 
the limited number of layers used in this particular model.
The primary purpose of the model is to aid in the estimation of the amount of 
water that is reaching the principal aquifer from the shallow aquifer. Calculation from 
the cell by cell budgets yields the amount of water entering layer five, which represents 
the principal aquifer, from layer four, which represents the bottom of the shallow 
aquifer. These values as well as the flows between the other layers are shown in Table 
8. Flow from the shallow aquifer to the principal aquifer totals 3.46 x  106 m3 for the
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twelve month period modeled. The amount per month follows the anticipated trend of 
more water entering layer five from layer four during periods of pumping when the 
difference in heads is greatest and less water entering during recharge when head 
difference is less. The same trend is also prevalent in the flow between layer three and 
four and layers two and three but becomes less prevalent between layers one and two.
The volume of water entering layer five from layer four, 3.46 x  105 m3, 
represents approximately ten percent of the overall budget of water entering the layer. 
Artificial recharge and flow across head dependent boundaries account for the remaining
Table 8 .-  Modelled volume of water moving between layers. All values in 
m3 X 103.
Month Layer 1 
to
Layer 2
Layer 2 
to
Layer 3
Layer 3 
to
Layer 4
Layer 4 
to
Layer 5
Oct 521 226 285 285
Nov 439 278 278 269
Dec 408 301 273 273
Jan 375 300 269 269
Feb 320 263 234 234
Mar 337 285 255 257
Apr 310 310 249 249
May 311 286 285 285
Jun 298 295 311 311
Jul 310 322 342 342
Aug 311 333 349 349
Sep 312 329 343 343
Total 4258 3529 3470 3463
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90 percent of the inflow budget for layer five. Assuming a saturated thickness of 76 m 
and a porosity of ten percent there are approximately 275 x  106 m3 of water in storage 
in the alluvium above the principal aquifer in the modeled area. The 3.46 x  106 m3 
entering the principal aquifer is less than two percent of the ground-water storage in the 
shallow aquifer.
Vertical ground-water velocities in the shallow aquifer were estimated from 
vertical conductance values used in the model. The vertical conductance equation from 
McDonald and Harbaugh (1988) is
v e r t i c a l  conductance = Kv/ z
where Kv =  vertical hydraulic conductivity and z =  vertical distance between the mid 
point of the adjacent layers. Using the final model vertical conductance values (Table 
7) and estimated layer depths the equation is solved for To calculate velocity, v, the 
equation
v  = - Kv ( d h / d l )
was used where
Kv =  average vertical hydraulic conductivity dh =  difference in head between layers 
one and five
dl =  vertical distance between layers one and five.
Using a Kv of 0.004 m/day, and a dh and dl of 30 m and 82 m, respectively, yields a 
vertical ground-water velocity of 0.0015 m/day (0.6 m/year).
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The District’s well field historically has been an area of major ground-water 
production and by 1963 the potentiometric surface of the principal aquifer had declined 
to 24 m below land surface (Harrill, 1976). Assuming gradient reversal between the 
shallow and principal aquifers at about this time, downward migration of ground water 
from the shallow to the principal aquifer has been occurring for about 30 years. Over 
a 30 year period, at a vertical velocity of .6 m/year, any surficial effects, such as 
evapotranspiration or over-irrigation, would be present at a depth of about 18 m below 
land surface.
Water Chemistry
The major ion and stable isotope data show the principal aquifer as the primary 
source of water in the shallow aquifer in the study area. Given the present (1992) 
potentiometric head of the principal aquifer it is not possible for the principal aquifer to 
be recharging the shallow aquifer, but taking into consideration the low hydraulic 
conductivity of the shallow zone, the chemical makeup suggests that the source was from 
the principal aquifer and it has yet to be replaced with water from secondary recharge 
(over irrigation).
Major ion data, presented in Table 9, show water chemistry similar to pre- 
artificial recharge principal aquifer water in the lower zone with decreasing similarity in 
MDB wells with shallower completion. The trilinear diagram in Figure 20 emphasizes 
this relationship between the shallow and principal aquifer water within the study area. 
Water samples from MDB-1, MDB-2, and MDB-4, are very similar in chemical makeup
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to that of the principal aquifer with the samples showing a Ca2+-Mg2+-HCOj' type water. 
The two shallower wells, MDB-5 and MDB-3, plot as a more Ca2+-S042' type water.
The water chemistry from the sample at MDB-5 shows an increase of about 100 
percent in Na+ and S042' and about a 400 percent increase in Cl' concentrations compared 
to principal aquifer water. Ca2+ and Mg2+ concentrations are about the same. The 
sample from MDB-3 shows even higher concentrations, with an 800 percent increase in 
Na+, a 500 percent increase in S042', and a 1400 percent increase in Cl'. Ca2+ and 
Mg2+ concentrations show about a 100 percent increase.
Hydrogen and oxygen isotope ratios show the same general trend as is seen in 
major ion data. Delta D and 5 I80  values for MDB-1, MDB-2, and MDB-4 plot on the
Table 9.— Chemistry analyses from principal aquifer, Well 13, and shallow aquifer, 
MDB wells. Arranged to correspond to decreasing depth to right. All values in 
mg/1 except where noted.
WELL 13 
PRINCIPAL
MDB-1 MDB-4 MDB-2 MDB-5 MDB-3
EC umhos/cm 437 462 438 427 493 1110
SI02 14.00 16.10 15.20 14.10 19.30 19.40
pH (lab) 7.81 8.03 8.00 7.98 8.07 7.59
HC03 233.00 227.00 235.00 205.00 149.00 337.00
Cl 3.40 10.10 4.10 7.40 20.20 89.90
S04 47.40 48.90 47.50 51.20 102.00 243.00
N03 0.53 3.15 1.86 1.95 1.28 0.09
Na 5.48 6.29 6.29 6.57 13.60 46.50
K 2.15 2.45 2.33 2.82 9.38 12.00
Ca 49.90 47.00 47.80 43.60 42.90 98.40
Mg 26.00 28.40 26.60 26.40 24.60 69.10
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Figure 20.—Trilinear diagram of ground-water samples from the MDB wells, represented 
by their respective number, and from the principal aquifer, represented by P.
meteoric water line in the same area as samples from the principal aquifer, while data 
from MDB-3 and MDB-5 plot to the right at a slope of about 3 (Figure 21).
Utilizing the Cl' ion, 5 D and 6180  as conservative tracers it is apparent that the 
water in the upper portion of the shallow aquifer in the study area is of principal aquifer 
origin and has undergone evaporation. MDB-3 has the shallowest completion depth at 
9.1 m below land surface and shows the highest concentrations of major ions 
(particularly Cl'), and h D and <5180  values plotting furthest to the right of the meteoric 
water line. This again suggests an effect due to evapotranspiration. MDB-5, which is 
screened at 10 m to 15 m below land surface has relatively lower concentrations of the
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Figure 21.— Stable isotope values of <5180  vs. 5D (7oo) of ground water from shallow and 
principal aquifers, and Lake Mead.
major ions and does not plot as far to the right with respect to the stable isotopes. MDB- 
5 could be showing either less effects from evapotranspiration or mixing from downward 
migration of water from the upper zone or a combination of the two. Impacts from 
evaporation/evapotranspiration are not seen in MDB wells completed below 15 m of land 
surface.
SUMMARY AND CONCLUSIONS
Historically recharge to the shallow aquifer was from ground water moving up 
from the principal aquifer until about the mid 1940’s when ground-water development 
in the Valley lowered the potentiometric head in the principal aquifer. Although the 
gradients have been reversed between the two aquifers, ground-water fluctuations in the 
shallow aquifer, within the study area, are dependent upon changes in the potentiometric 
head of the principal aquifer. This relationship is intuitively obvious from hydrographs 
of shallow and principal aquifer monitoring wells (MDB wells and Wells 6 and 8, 
respectively), and statistically significant from linear regression analyses of the data 
collected from these wells.
The statistical correlation between water level changes in the principal aquifer and 
the shallow aquifer is also dependent upon depth with shallower wells showing less 
influence from head fluctuations in the principal aquifer. Also, the correlation appears 
to be increasing as potentiometric head in the principal aquifer is increased from artificial 
recharge. This relationship is seen qualitatively in the hydrographs from monitoring well 
data and scattergrams and is defined quantitatively through simple linear regression 
statistical analyses.
The three dimensional finite difference model (MODFLOW) developed for the 
study area shows that approximately 3.45 x  106 m3 of water moves between the shallow 
aquifer and principal aquifer throughout the twelve month period modeled. This
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represents about two percent of the water in storage in the shallow aquifer in the area of 
interest.
Vertical ground-water velocity, based upon the average Kv of the finite-difference 
model, is estimated to be about .6 m/year. Given the vertical ground-water velocity and 
30 year time frame since ground-water gradients have been reversed, the surface 
influence (evapotranspiration and/or over irrigation) on shallow ground-water quality 
should be seen at a depth of about 18 m below land surface. Interpretation of shallow 
aquifer ground-water chemistry samples taken from the MDB wells support the 18 m 
depth of surficial influence on ground-water quality.
Interpretation of isotope and major ion analyses show the water in the shallow 
aquifer to be principal aquifer water in origin, with ground water sampled at depths of 
10 m and 15 m below land surface having undergone evaporation, and ground water 
sampled at depths greater than 15 m below land surface matching principal aquifer 
quality and showing no influence from evapotranspiration.
In conclusion, given the quality of shallow aquifer ground water, leakage from 
the shallow aquifer is currently not adversely impacting the principal aquifer ground­
water quality in the study area.
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APPENDIX A
Meadows Detention Basin well logs
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68
Well
D a te  Drilled  
T o ta l D ep th  
P e rfo ra te d  
P e r f  Type 
Drill D ia m e te r  
C asing  D ia m e te r  
G ravel P ack  
C e m e n t Seal 
D riller
M DB-1
0 1 / 0 3 / 9 3
7 9 .2  m
6 7 .0  to  7 9 .2  m  
M ach in e
2 5 .4  cm
1 0 .0  cm
1 5 .2  to  7 9 .2  m  
0  to  1 5 .2  m  
Allen D rilling  Inc.
- :'a-
?!'V. 
■ •
L ito lo g ic  Log  
0 m
c a lic h e
3 .7  m
s a n d y  c la y
20 .7  m
red  c la y
4 4 .5  m
c lo y  w ith  s tre a k s  
o f g rave l
79 .2  m
69
Well
D a te  Drilled  
Tota l D epth  
P e rfo ra te d  
P e rf  Type 
Drill D ia m e te r  
Casing D ia m e te r  
Gravel P ack  
C e m e n t Seal 
D riller
M D B -2
0 1 / 0 3 / 9 3  
3 0 .5  m
2 3 .4  to  3 0 .5  m  
M achine
2 5 .4  cm
1 0 .0  cm
2 3 .4  to  3 0 .5  m  
0  to  3 0 .5  m  
Allen Drilling Inc.
L ito log ic  Log
■ 0 mca lich e
1.8 m
s a n d y  c la y
7.3 m
ca lich e  w ith  
s tre a k s  o f c la y
12.2 m 
c la y
15.5 m
red  c la y  and  
gravel
30.5 m
70
Well
D a te  D rilled  
T o ta l D ep th  
P e r fo ra te d  
P e r f  Type  
Drill D ia m e te r  
C asing  D ia m e te r  
G ravel P a c k  
C e m e n t Seal 
D rille r
M D B -3  
0 1 / 0 3 / 9 3  
12.2 m
6.1 to  1 2 .2  m  
M a c h in e
2 5 .4  cm  
10  cm
6.1 to  1 2 .2  m  
0  to  6.1 m  
Allen D rilling  Inc.
L ito lo g ic  Log
0 m
s a n d y  re d  c la y
12.2 m
71
Well
D o te  Drilled  
Tota l D epth  
P e rfo ra te d  
P e rf Type 
Drill D ia m e te r  
Casing D ia m e te r  
Gravel P ack  
C em en t Seal 
Driller
M D B -4
0 1 / 0 3 / 9 3
3 0 .5  m
2 3 .4  tyo 3 0 .5  m  
M achine
2 5 .4  cm  
10 cm
1 5 .2  to  3 0 .5  m  
0  to  1 5 .2  m  
Allen Drilling Inc.
• ‘A,1
Lito logic  Log
0 m 
ca lich e
4.0 m 
sand and  gravel 
6.4 m
san d y  c la y
18.3 m
sa n d y  red  c lay  
:<:?) w ith gravel
V-
'A#'- :•
30.5 m
Well
D o te  Drilled  
Tota l D epth  
P e rfo ra te d  
P e rf Type 
Drill D ia m e te r  
Casing D ia m e te r  
Gravel P ack  
C e m e n t Seal 
Driller
M D B -5
0 1 / 0 3 / 8 9
1 8 .3  m
15 .2  to  1 8 .3  m  
M achine
2 5 .4  cm  
10 cm
1 5 .2  to  18 .3  m  
0  to  15 .2  m  
Allen Drilling Inc.
72
L ito log ic  Log 
0 m
sand  and  gravel
6.7 m
sa n d y  red c lay
18.3 m
APPENDIX B
Static water level data
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Static water levels in meters above mean sea level
DATE MDB-1 MDB-2 MDB-3 MDB-4 MDB-5
02/28/90 625.12 640.00 638.65 635.79 640.23
03/09/90 625.37 639.91 638.67 635.80 640.20
03/19/90 625.58 639.86 638.67 635.82 640.17
03/29/90 625.86 639.83 638.65 635.84 640.15
04/06/90 626.02 639.87 638.66 635.82 640.14
04/13/90 626.11 639.92 638.57 635.81 640.13
04/17/90 626.17 639.92 638.54 635.80 640.10
04/24/90 625.89 639.86 638.53 635.78 640.10
04/25/90 625.89 640.15 638.50 635.76 640.09
04/27/90 625.88 639.88 638.49 635.79 640.07
04/30/90 625.81 639.87 638.46 635.74 640.06
05/01/90 625.81 639.87 638.46 635.73 640.05
05/02/90 625.82 639.90 638.46 635.76 640.04
05/03/90 625.72 639.88 638.45 635.74 640.04
05/04/90 625.61 639.86 638.44 635.73 640.04
05/07/90 625.42 639.82 638.42 635.71 640.02
05/08/90 625.39 639.81 638.41 635.70 640.02
05/09/90 625.37 639.78 638.39 635.68 640.01
05/10/90 625.36 639.79 638.40 635.68 640.00
05/11/90 625.30 639.78 638.38 635.67 639.99
05/14/90 625.20 639.76 638.35 635.64 639.98
05/15/90 625.21 639.79 638.33 635.64 639.96
05/16/90 625.24 639.80 638.33 635.64 639.96
05/17/90 625.30 639.84 638.49 635.66 639.96
05/18/90 625.32 639.87 638.53 635.68 639.95
05/21/90 625.29 639.87 638.50 635.67 639.93
05/22/90 625.29 639.87 638.50 635.67 639.93
05/23/90 625.26 639.85 638.48 635.67 639.92
05/24/90 625.20 639.84 638.45 635.65 639.92
05/25/90 625.15 639.83 638.46 635.65 639.92
05/29/90 625.09 639.86 638.61 635.61 639.91
05/30/90 625.08 639.87 638.61 635.61 639.90
05/31/90 625.07 639.88 638.60 635.60 639.90
06/01/90 625.04 639.87 638.57 635.59 639.90
06/04/90 624.86 639.83 638.52 635.55 639.90
06/05/90 624.82 639.82 638.50 635.53 639.90
06/06/90 624.78 639.81 638.46 635.52 639.89
06/07/90 624.74 639.79 638.43 635.51 639.89
06/08/90 624.70 639.78 638.41 635.50 639.89
06/12/90 624.58 639.78 638.38 635.48 639.90
06/13/90 624.55 639.78 638.37 635.47 639.92
06/14/90 624.53 639.79 638.36 635.48 639.93
06/15/90 624.51 639.82 638.37 635.48 639.94
06/16/90 624.49 639.83 638.41 635.48 639.94
06/18/90 624.42 639.86 638.35 635.43 639.93
06/19/90 624.38 639.84 638.34 635.42 639.93
06/20/90 624.36 639.82 638.33 635.41 639.93
06/21/90 624.32 639.81 638.31 635.40 639.93
06/24/90 624.27 639.79 638.30 635.39 639.93
06/25/90 624.08 639.77 638.27 635.35 639.92
06/26/90 624.04 639.76 638.27 635.36 639.92
06/27/90 623.96 639.74 638.25 635.32 639.91
07/02/90 623.73 639.55 638.19 635.25 639.89
07/03/90 623.72 639.53 638.18 635.23 639.89
Static water levels in meters above mean sea level
DATE MDB-1 MDB-2 MDB-3 MDB-4 MDB-5
07/04/90 623.65 639.51 638.16 635.22 639.88
07/05/90 623.60 639.49 638.15 635.20 639.88
07/09/90 623.44 639.42 638.10 635.14 639.85
07/10/90 623.40 639.40 638.09 635.13 639.84
07/12/90 623.27 639.37 638.07 635.11 639.86
07/16/90 623.12 639.32 638.03 635.09 639.87
07/18/90 623.11 639.32 638.01 635.05 639.88
07/20/90 623.08 639.32 638.00 635.05 639.88
07/23/90 623.01 639.32 637.97 635.03 639.88
07/26/90 622.94 639.30 637.94 635.00 639.88
07/27/90 622.90 639.39 637.93 634.99 639.88
08/01/90 622.73 639.33 637.88 634.94 639.87
08/03/90 622.70 639.32 637.86 634.95 639.86
08/06/90 622.65 639.32 637.83 634.95 639.83
08/08/90 622.60 639.31 637.80 634.92 639.82
08/10/90 622.54 639.28 637.78 634.89 639.81
08/14/90 622.46 639.25 637.76 634.83 639.78
08/16/90 622.44 639.25 637.74 634.82 639.78
08/18/90 622.42 639.26 637.73 634.81 639.78
08/21/90 622.25 639.24 637.70 634.79 639.76
08/23/90 622.20 639.23 637.69 634.78 639.76
08/28/90 622.11 639.19 637.66 634.74 639.74
08/30/90 622.06 639.17 637.66 634.72 639.74
09/02/90 622.02 639.16 637.64 634.71 639.74
09/04/90 621.98 639.15 637.61 634.70 639.74
09/06/90 622.01 639.15 637.60 634.70 639.73
09/10/90 621.87 639.12 637.58 634.68 639.72
09/12/90 621.81 639.11 637.57 634.68 639.72
09/14/90 621.74 639.10 637.57 634.67 639.71
09/17/90 621.71 639.10 637.55 634.66 639.71
09/19/90 621.66 639.11 637.54 634.65 639.70
09/21/90 621.63 639.11 637.53 634.64 639.69
09/24/90 621.61 639.11 637.52 634.63 639.72
09/26/90 621.59 639.11 637.52 634.64 639.73
09/27/90 621.57 639.10 637.52 634.62 639.73
09/28/90 621.90 639.07 637.52 634.61 639.74
10/01/90 622.07 639.08 637.51 634.65 639.74
10/02/90 622.19 639.14 637.51 634.72 639.76
10/03/90 622.17 639.13 637.51 634.71 639.76
10/04/90 622.21 639.11 637.51 634.70 639.76
10/05/90 622.25 639.10 637.51 634.69 639.76
10/08/90 622.48 639.14 637.49 634.70 639.75
10/10/90 622.57 639.17 637.50 634.72 639.75
10/12/90 622.61 639.18 637.50 634.75 639.75
10/15/90 622.64 639.16 637.51 634.80 639.76
10/18/90 622.58 639.14 637.51 634.83 639.79
10/19/90 622.63 639.14 637.53 634.86 639.76
10/23/90 622.80 639.15 637.55 634.91 639.84
10/24/90 622.86 639.15 637.55 634.92 639.84
10/26/90 622.88 639.15 637.55 634.94 639.85
10/30/90 622.94 639.14 637.56 634.98 639.88
10/31/90 623.15 639.14 637.56 635.01 639.88
11/02/90 623.27 639.09 637.57 635.04 639.90
11/05/90 623.34 639.09 637.57 635.06 639.91
Static water levels in meters above mean sea level
DATE MDB-1 MDB-2 MDB-3 MDB-4 MDB-5
11/07/90 623.42 639.07 637.57 635.08 639.92
11/09/90 623.54 639.13 637.58 635.11 639.92
11/13/90 623.95 640.11 638.48 635.45 639.92
11/16/90 624.57 640.62 639.54 635.87 639.93
11/19/90 624.93 640.54 639.54 636.00 640.04
11/21/90 625.06 640.60 639.40 635.99 640.13
11/26/90 625.31 640.53 639.28 636.02 640.31
11/28/90 625.32 640.41 639.22 636.01 640.33
11/30/90 625.32 640.33 639.17 636.01 640.35
12/04/90 625.22 640.14 639.05 635.99 640.35
12/06/90 625.02 640.16 639.10 635.79 640.35
12/12/90 624.26 639.89 639.30 636.08 640.37
12/15/90 623.97 639.75 639.21 636.08 640.37
12/18/90 623.71 639.58 639.14 635.82 640.35
12/24/90 623.66 638.92 638.94 635.68 640.28
12/28/90 624.01 638.90 638.92 635.74 640.30
01/02/91 624.25 638.85 638.85 635.75 640.28
01/09/91 624.45 638.79 638.72 635.82 640.29
01/11/91 624.47 638.76 638.68 635.82 640.27
01/16/91 624.58 638.72 638.49 635.85 640.25
01/31/91 624.91 638.60 638.47 635.93 640.17
02/18/91 625.13 638.49 638.37 636.11 640.33
02/25/91 625.26 638.61 638.24 636.17 640.35
03/16/91 625.55 638.69 638.14 636.22 640.37
03/22/91 625.64 638.85 638.08 636.25 640.38
04/22/91 626.06 639.00 637.88 636.38 640.47
05/23/91 625.91 639.28 639.32 636.55 640.70
05/28/91 625.68 639.31 639.61 636.48 640.66
06/05/91 625.56 639.14 639.29 636.39 640.60
06/13/91 625.45 638.83 638.29 636.31 640.54
06/18/91 625.32 639.38 639.48 636.40 640.83
06/26/91 625.18 639.17 638.82 636.17 640.52
07/02/91 625.06 639.02 638.77 636.02 640.38
07/09/91 624.93 638.97 638.40 635.91 640.33
07/18/91 624.67 638.86 638.25 635.79 640.28
07/24/91 624.49 638.78 638.14 635.69 640.21
07/31/91 624.08 638.52 638.03 635.66 640.21
08/07/91 624.08 638.49 638.03 635.64 640.21
08/15/91 624.05 638.64 638.47 635.76 640.37
08/22/91 624.11 638.73 638.97 635.80 640.55
08/28/91 623.90 639.14 638.65 635.73 640.42
09/05/91 623.45 639.08 638.36 635.69 640.35
09/11/91 623.42 638.96 637.98 635.61 640.24
09/19/91 623.39 638.86 637.60 635.55 640.12
10/02/91 623.68 638.41 637.46 635.42 640.17
10/21/91 624.08 638.64 637.84 635.54 640.23
11/15/91 625.16 638.94 637.74 635.73 640.19
11/26/91 625.45 639.42 637.82 635.91 640.15
12/13/91 626.04 639.15 637.89 635.97 640.14
12/27/91 626.37 639.06 637.92 636.04 640.17
01/28/92 625.96 639.62 638.04 636.17 640.21
02/19/92 627.55 639.89 638.20 636.20 640.42
02/27/92 628.51 639.97 638.20 636.34 640.45
03/05/92 628.18 640.08 638.05 636.25 640.48
Static water levels in meters above mean sea level
DATE MDB-1 MDB-2 MDB-3 MDB-4 MDB-5
04/27/92 628.97 640.61 638.68 636.83 640.61
05/05/92 628.36 640.45 638.63 636.64 640.37
05/11/92 627.71 640.33 638.60 636.60 640.61
05/14/92 627.44 644.93 644.93 644.93 644.93
07/08/92 624.61 639.70 638.64 635.62 640.10
07/16/92 624.31 639.63 638.56 635.53 640.04
07/23/92 623.96 639.54 638.52 635.43 639.97
08/05/92 623.46 639.40 638.32 635.26 639.88
08/21/92 622.98 639.30 638.20 635.11 639.84
09/04/92 622.68 639.32 638.01 635.01 639.84
10/06/92 622.55 639.21 638.10 634.84 639.73
Static water levels in meters above mean sea level
Date Well 8 Well 6
02/21/90 601.13
03/21/90 602.46
04/18/90 602.56
05/23/90 596.12
06/23/90 588.94
07/25/90 587.11
08/22/90 585.08
09/21/90 590.55
10/23/90 599.03
10/30/90 599.72
11/02/90 600.13
11/30/90 602.21
12/27/90 600.46
01/08/91 602.16
01/14/91 602.52
01/15/91 604.41
01/18/91 600.94
01/25/91 605.06
02/01/91 605.21
02/13/91 605.42
03/01/91 605.49
03/16/91 605.82 601.49
03/22/91 606.07 601.76
04/01/91 606.49 602.19
04/17/91 607.13 603.14
04/22/91 607.22 603.20
04/30/91 607.37 603.29
05/02/91 605.73 601.58
05/03/91 607.25 602.56
05/06/91 607.34 601.71
05/22/91 605.40 601.75
05/23/91 605.27 601.40
06/13/91 594.57 596.12
07/11/91 593.43 595.57
07/24/91 592.70 594.70
07/31/91 592.27 593.95
08/07/91 592.00 593.45
08/22/91 591.42 592.39
08/28/91 590.78 592.03
09/30/91 590.27 591.74
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Static water levels in meters above mean sea level
Date WellS Well 6
10/02/91 591.41 592.46
11/15/91 603.40 599.05
11/26/91 603.02 599.51
12/10/91 604.48 600.67
12/13/91 603.22 600.89
12/16/91 601.96 601.11
12/27/91 606.22 601.93
01/28/92 603.46 601.16
02/19/92 608.23 604.33
02/27/92 608.55 604.62
03/05/92 609.50 605.34
03/21/92 610.21 605.81
04/03/92 610.84 606.38
04/14/92 611.14 606.80
04/27/92 610.35 606.37
04/30/92 610.17 605.77
05/05/92 606.84 604.80
05/06/92 606.56 604.83
05/11/92 605.19 604.17
05/14/92 604.37 603.78
05/26/92 601.08 601.53
07/08/92 594.47 596.52
07/16/92 592.49 595.55
07/23/92 591.79 594.93
08/05/92 590.50 593.77
08/21/92 589.37 592.54
09/04/92 589.12 591.74
09/21/92 591.57 590.96
10/06/92 594.16 593.09
10/25/92 602.02 596.47
11/19/92 636.30 600.91
11/26/92 638.36 601.48
12/02/92 639.93 602.22
12/11/92 641.66 603.25
12/17/92 648.00 603.67
12/24/92 648.00 604.27
12/31/92 643.83 604.86
APPENDIX C
Slug test curves and analyses
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MDB-1 SLUG TEST 1 11/21/92
Knowns and Constants:
No. of data points......................  157
Radius of well casing..................  10 cm
Radius of well  25 cm
Aquifer saturated thickness........... 30 m
Well screen length......................  12 m
Static height of water in well....... 52.5 m
Log(Re/Rw)..................................  5.009
ANALYTICAL METHOD 
Bouwer-Rice (Aquifer slug test)
RESULTS FROM STATISTICAL CURVE MATCHING 
STATISTICAL MATCH PARAMETER ESTIMATES
Estimate Std. Error 
K = 0.033 m/day +/- 0.012 
yO =  0.96 m + /- 0.0092
ANALYSIS OF MODEL RESIDUALS
residual =  calculated - observed 
weighted residual = residual * weight
Weighted Residual Statistics:
Number of residuals..................  157
Number of estimated parameters.... 2
Degrees of freedom.................... 155
Residual mean..........................  0.04765
Residual standard deviation........  0.02133
Residual variance.....................  0.00544
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MDB-1 SLUG TEST 2 11/22/92
Knowns and Constants:
No. of data points....................... 275
Radius of well casing  10 cm
Radius of well............................ 25 cm
Aquifer saturated thickness........... 30 m
Well screen length......................  6 m
Static height of water in well  52.7 m
Log(ReZRw).................................  5.01
ANALYTICAL METHOD 
Bouwer-Rice (Aquifer slug test)
RESULTS FROM STATISTICAL CURVE MATCHING 
STATISTICAL MATCH PARAMETER ESTIMATES
Estimate Std. Error 
K = 0.28 m/day + /- 0.016
yO = 0.94 m +/- 0.011
ANALYSIS OF MODEL RESIDUALS
residual = calculated - observed 
weighted residual =  residual * weight
Weighted Residual Statistics:
Number of residuals.............. ... 275
Number of estimated parameters.... 2
Degrees of freedom................ ... 273
Residual mean........................... 0.0027
Residual standard deviation... .... 0.1171
Residual variance................... .. 0.0449
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MDB-2 SLUG TEST 1 11/21/92
Knowns and Constants:
No. of data points........................ 382
Radius of well casing  10 cm
Radius of well  25 cm
Aquifer saturated thickness........... 10 m
Well screen length......................  6 m
Static height of water in well....... 24.3 m
Log(Re/Rw)..................................  4.559
ANALYTICAL METHOD 
Bouwer-Rice (Aquifer Slug Test)
RESULTS FROM STATISTICAL CURVE MATCHING 
STATISTICAL MATCH PARAMETER ESTIMATES
Estimate Std. Error 
K = 0.0187 m/day +/- 0.0001
yO = 1.39 m + /- 0.0038
ANALYSIS OF MODEL RESIDUALS
residual = calculated - observed 
weighted residual =  residual * weight
Weighted Residual Statistics:
Number of residuals..................  372
Number of estimated parameters.... 2
Degrees of freedom.................... 370
Residual mean..........................  0.01127
Residual standard deviation........ 0.02971
Residual variance.....................  0.00312
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MDB-2 SLUG TEST 2 11/22/92
Knowns and Constants:
No. of data points......................  654
Radius of well casing  10 cm
Radius of well  25 cm
Aquifer saturated thickness 22.0 m
Well screen length......................  6 m
Static height of water in well....... 22 m
Log(ReZRw)..................................  4.498
ANALYTICAL METHOD 
Bouwcr-Rice (Aquifer slug test)
RESULTS FROM STATISTICAL CURVE MATCHING 
STATISTICAL MATCH PARAMETER ESTIMATES
Estimate Std. Error 
K = 0.01813 m /day+/- 0.00011
yO = 1.50 m + /- 0.0040
ANALYSIS OF MODEL RESIDUALS
residual = calculated - observed 
weighted residual = residual * weight
Weighted Residual Statistics:
Number of residuals.............. ... 654
Number of estimated parameters.... 2
Degrees of freedom................ ... 652
Residual mean........................ .. 0.0176
Residual standard deviation... .... 0.0334
Residual variance................... .. 0.0036
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MDB-3 SLUG TEST 1 11/21/92
Knowns and Constants:
No. of data points......................  249
Radius of well casing  10 cm
Radius of well  25 cm
Aquifer saturated thickness........... 7.6 m
Well screen length........................ 6.0 m
Static height of water in well....... 7.6 m
Log(ReZRw)..................................  3.394
ANALYTICAL METHOD 
Bouwer-Rice (Aquifer slug test)
RESULTS FROM STATISTICAL CURVE MATCHING 
STATISTICAL MATCH PARAMETER ESTIMATES
Estimate Std. Error 
K = 0.0849 m/day +/- 0.0000015
yO = 1.348 m + /- 0.00686
ANALYSIS OF MODEL RESIDUALS
residual =  calculated - observed 
weighted residual =  residual * weight
Weighted Residual Statistics:
Number of residuals.............. ... 249
Number of estimated parameters.... 2
Degrees of freedom............... .... 247
Residual mean....................... .. 0.0044
Residual standard deviation... .... 0.0779
Residual variance.................. .. 0.0199
M DB 3 SLUG TEST # 110.
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MDB-3 SLUG TEST 2 11/22/93
Knowns and Constants:
No. of data points......................  85
Radius of well casing.................... 10 cm
Radius of well  25 cm
Aquifer saturated thickness........... 2.8 m
Well screen length.......................  6.0 m
Static height of water in well....... 2.8 m
Log(Re/Rw)..................................  3.326
ANALYTICAL METHOD 
Bouwer-Rice (Aquifer Slug Test)
RESULTS FROM STATISTICAL CURVE MATCHING 
STATISTICAL MATCH PARAMETER ESTIMATES
Estimate Std. Error 
K =  0.087 m/day +/- 0.0021 
yO =  1.432 m +/- 0.0079
ANALYSIS OF MODEL RESIDUALS
residual = calculated - observed 
weighted residual = residual * weight
Weighted Residual Statistics:
Number of residuals.............. ... 85
Number of estimated parameters.... 2
Degrees of freedom................ ... 83
Residual mean........................... 0.0032
Residual standard deviation... .... 0.0496
Residual variance................... . 0.0081
M D B 3  SLUG TEST # 210.
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MDB-4 SLUG TEST 1 11/21/92
Knowns and Constants:
No. of data points....................... 176
Radius of well casing..................  10 cm
Radius of well  25 cm
Aquifer saturated thickness...........  12 m
Well screen length....................... 6.0 m
Static height of water in well  20.0 m
Log(ReZRw)..................................  4.438
ANALYTICAL METHOD 
Bouwer-Rice (Aquifer slug test)
RESULTS FROM STATISTICAL CURVE MATCHING 
STATISTICAL MATCH PARAMETER ESTIMATES 
Estimate Std. Error 
K = 0.55 m/day + /- 0.0056
yO = 1.51 m +/- 0.0036
ANALYSIS OF MODEL RESIDUALS
residual = calculated - observed 
weighted residual =  residual * weight
Weighted Residual Statistics:
Number of residuals................... 139
Number of estimated parameters.... 2
Degrees of freedom....................  137
Residual mean..........................  0.0000621
Residual standard deviation........  0.02068
Residual variance.....................  0.001244
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MDB-4 SLUG TEST 2 11/22/92
Knowns and Constants:
No. of data points......................  56
Radius of well casing  10 cm
Radius of well...........................  25 cm
Aquifer saturated thickness...........  12 m
Well screen length  6.0 m
Static height of water in well........  21.1 m
Log(Re/Rw)..................................  4.471
ANALYTICAL METHOD 
Bouwer-Rice (Aquifer slug test)
RESULTS FROM STATISTICAL CURVE MATCHING 
STATISTICAL MATCH PARAMETER ESTIMATES
Estimate Std. Error 
K = 0.719 m/day +/- 0.00677
yO = 1.19 m +/- 0.00391
ANALYSIS OF MODEL RESIDUALS
residual =  calculated - observed 
weighted residual = residual * weight
Weighted Residual Statistics:
Number of residuals..................  56
Number of estimated parameters.... 2
Degrees of freedom...................  54
Residual mean..........................  0.0031
Residual standard deviation........  0.0153
Residual variance.....................  0.0006
M DB 4 SLUG TEST # 210.
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MDB-5 SLUG TEST 1 11/21/92
Knowns and Constants:
No. of data points......................  77
Radius of well casing..................  10 cm
Radius of well............................ 25 cm
Aquifer saturated thickness........... 10 m
Well screen length......................  3 m
Static height of water in well  11.3 m
Log(Re/Rw)..................................  3.947
ANALYTICAL METHOD 
Bouwcr-Rice (Aquifer slug test)
RESULTS FROM STATISTICAL CURVE MATCHING 
STATISTICAL MATCH PARAMETER ESTIMATES
Estimate Std. Error 
K = 0.186 m /day+/- 0.0017 
yO = 1.31 m + /- 0.0023
ANALYSIS OF MODEL RESIDUALS
residual = calculated - observed 
weighted residual =  residual * weight
Weighted Residual Statistics:
Number of residuals................... 76
Number of estimated parameters.... 2
Degrees of freedom.................... 74
Residual mean..........................  0.00963
Residual standard deviation........  0.04031
Residual variance.....................  0.001625
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MDB-5 SLUG TEST 2 11/22/92
Knowns and Constants:
No. of data points......................  246
Radius of well casing..................  10 cm
Radius of well  25 cm
Aquifer saturated thickness  11.4m
Well screen length......................  3 m
Static height of water in well....... 11.4 m
Log(Re/Rw)................................. 3.949
ANALYTICAL METHOD 
Bouwer-Rice (Aquifer slug test)
RESULTS FROM STATISTICAL CURVE MATCHING 
STATISTICAL MATCH PARAMETER ESTIMATES
Estimate Std. Error 
K =  0.245 m/day +/- 0.0014
yO =  1.426 m +/- 0.0016
ANALYSIS OF MODEL RESIDUALS
residual = calculated - observed 
weighted residual = residual * weight
Weighted Residual Statistics:
Number of residuals.............. ... 246
Number of estimated parameters.... 2
Degrees of freedom............... ... 244
Residual mean........................ .. 0.0051
Residual standard deviation... .... 0.0163
Residual variance................... .. 0.0011
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